1972). The order of statistical preference in choosing a method has been evaluated by us (Li et al., 1982b) . We limit the present communication to a discussion of the various parameters involved in rate estimates of mutations in monolayer cultures of mammalian cells by the Po method. The effect of phenotypic delay on the rate estimation is not considered here because the problem has been dealt with statistically or experimentally by others (Newcombe, 1948; Armitage, 1952 Armitage, , 1953 O'Neill et al., 1981) . As a consequence of this exercise, some practical procedures are recommended which may lead to a more reliable estimation of mutation rates.
The parameters
Luria and Delbrfick's basic assumption was that gene mutations occur very rarely and follow a Poisson distribution in parallel bacteria cultures. The formula they used for calculating the mutation rate from the fluctuation test is:
Where tt is the number of mutations per time unit i.e., the mutation rate, Po is the proportion of parallel cultures without any mutant colonies, N is the population size and e is the base of natural logarithms. Mammalian cells grow slower than bacteria. In addition, there are many factors that may affect the recovery of mutants from a cell population. In the following discussion, we shall consider, in sequence, several parameters involved in fluctuation analysis with cultured mammalian cells. Po, the proportion of parallel cultures without any mutant; C, the number of parallel cultures in a fluctuation test; No, the initial population size of a culture; N, the final population size per parallel culture when the selective agent is added; D, the total number of dishes used in the experiment; K, the number of parallel cultures containing mutants in a total of C cultures; n, the maximum cell number that can be inoculated to 1 dish, without producing any cell density effect on mutant recovery.
The fraction of parallel cultures without mutant(s) -the value of Po
Before starting a fluctuation test, a rough estimate of the mutation rate for the genetic marker under study may be obtained from either the literature or preliminary tests. Sometimes the average of mutation rates known for several other markers in the same cell line can be taken as a predicted value of/~. From eqn.
[1], when /zN= 1, i.e., the average chance to have a mutation per culture equals one, Po is 0.37. This might be a suitable point for the estimation of /z./z can be regarded as a constant for a given marker. Since Po is a function of N, Po can be controlled by adjusting N. In order to obtain a better estimation of/z, Po should not be approaching 0 or 1.
The choice of C, the number of parallel cultures
The greater the number of parallel cultures one uses, the more reliable is the estimation of mutation rates. Because of the cost and technical difficulties, a minimum C must be chosen without sacrificing the reliability of rate estimates.
Suppose K is the number of cultures which contain mutants in a total number of C parallel cultures, then:
Here K is a positive integer, less than C but larger than zero. The value of K may vary from K to K_+ 1, K+2, K+_3, .... If it is stipulated that the relative sampling error of K must not be larger than 10%, then:
Put the value K > 10 into eqn.
[2], one obtains: 10
The C's so derived will give estimated mutation rates to vary around 4-fold as judged from the top limits to bottom limits in terms of confidence intervals of mutation rates. This relationship has been elaborated elsewhere (Li et al., 1982a) . For example, when Po = 0.37, C can be calculated as follows:
In other words, if/zN = 1, Po = 0.37, the minimum C should be 16 for a reliable estimation within a range of 4-fold variation of/z. Fig. 1 shows the relationship between N and # for different values of Po when C is at the minimum. This relationship is based on eqns.
[1] and [2] . Once a value of/~ is predicted, a vertical line can be drawn that will come across the oblique line of an expected Po at a definitive point. A horizontal line can then be extended from the interception point to the ordinate to find a corresponding value of N. For example, if a spontaneous mutation rate for a given genetic marker is predicted to be 5 × 10-s per cell generation and a Po is expected to be 0.80, a corresponding N of 4.5 x 106 can be found. It means that the final population size of 3,.5 X 10 6 cells per culture and 50 or more parallel cultures must be used for a reliable mutation rate estimate. Alternatively, the final population may be reduced to 2.2 × 104 to 4.5 x 104 cells per parallel culture when the mutation rate is elevated to within a range of 5 × 10-6 to 1 × 10-5 per cell per generation, such as in the cases of induced mutations or hypermutable cell strains. 
The total number of dishes, D
In mutagenic experiments with cultured mammalian cells, D, the total number of dishes used, is limited by manpower and material resources, including media, serum, petri dishes, incubator space, etc. Therefore D can be taken as the main reference in determining the feasibility of an experiment. In a fluctuation test with bacteria, D usually equals C, meaning that all of the bacteria can be inoculated in one dish as a parallel culture. In tests with mammalian cells, however, the number of cells inoculated in each dish is limited by inter-or intra-colony growth inhibition as well as by the cell density effect on mutant recovery.
From reconstruction experiments for determining the cell-density effect on mutant recovery, the maximum cell number than can be inoculated into each dish should be n. The value of D follows the formula: , it can also be seen that the most effective way to reduce the value of D is to increase the value of n. This can be achieved by choosing a marker, such as ouabain resistance, which has a negligible cell-density effect on mutant recovery. In other situations, this can also be achieved by adding to the culture medium some appropriate inhibitor of metabolic cooperation between wild-type cells and mutants (Diamond et al., 1979; Yotti et al., 1979) . On the other hand, D can be reduced by regulating C and N. For example, if a predicted mutation rate for a given marker is 10-7 and n is 5 x 105 cells per dish, 2 alternative N's, e.g. N1 = 4 x 106 and N2 = 10 6 could be chosen while keeping K = 10. From eqns. 
The size of initial inoculum per culture, No
In order to reduce the chance of including a preexisting mutant cell in the inoculum, it is thought that No should be as small as possible, preferably one cell from which to expand to a large population. This is easily accomplished for bacteria, but is not so easily done for a mammalian cell population. The time required for one bacterium to grow up to 10 a cells is only about 9 h, but is as long as 13-26 days for the mammalian cell, even though in both instances the total number of generations elapsed is 26.6. In addition, physical space within a culture vessel and nutritional requirements by the mammalian cells further limit the maximum population size per culture. In practice, cell populations have to be repeatedly dispersed to maintain an exponential growth, an important condition to ensure an equal opportunity for every cell to mutate and multiply. What makes things worse is that the probability of contamination of parallel cultures will increase upon subculturing. It is desirable then to shorten the growth period and reduce the need for subculture by increasing the value of No while taking a somewhat increased risk. For example, if 104 cells are inoculated into each parallel culture and if it is known that the original cell population has a mutant frequency of 10-7, the risk for introducing a mutant into a culture is only one in one thousand, which is usually acceptable. However, this may be considered too high a risk in some other instances. If this is the case, the following procedure may be carried out.
We may give g as the number of generations needed for an original population of No to grow to a population size of N, i.e.:
If one mutant cell was inoculated into a parallel culture, as the population increases to N the total number of mutant cells in the culture will be 2 g. Thus, any parallel culture containing 2 g or more than 2 g mutant cells should be considered as having a preexisting mutant and should be discarded. In the case of a culture increasing its size from 104 to 10 7 cells, the number of generations it passes through is:
ln(N/No)
In 007/104) g ---9.97 = 10 In 2
In 2
It means that the total mutants from the preexisting mutant cell should be about 21°, i.e. about 1000. In the case where one particular parallel culture has 1000 or more mutant colonies, we may simply disregard it before analyzing the result from the rest of the experiment.
Summary and conclusions
The sequence of the decision-making process for determining the various parameters in designing a fluctuation experiment with cultured mammalian cells may be summarized in Fig. 2 . First, a value of # is predicted from the literature or a preliminary experiment. Second, the values of N and No are determined on the basis of the experimental conditions and the size of the expected Po. Third, the minimum C needed for a reliable test can be calculated from eqn. [2] . If necessary, C can be increased slightly to compensate for any loss of cultures due to contamination or other unexpected errors, and to serve as an extra supply if the actual mutation rate is lower than predicted. Finally, D can be calculated from eqn. [3] after knowing the size of n by a reconstruction experiment. We believe that this is the first 
